In the present study, we investigated a group of uncultivated magnetotactic cocci, which was magnetically isolated from a freshwater pond in Beijing, China. Light and transmission electron microscopy showed that these cocci ranged from 1.5 to 2.5 m and contained two to four chains of magnetite magnetosomes, which sometimes were partially disorganized. Overall, the size of the disorganized magnetosomes was significantly smaller than that arranged in chains. All characterized magnetosome crystals were elongated (shape factor ‫؍‬ 0.64) and fall into the single-domain size range (30 to 115 nm). Comparative 16S rRNA gene sequence analysis and fluorescence in situ hybridization showed that the enriched bacteria were a virtually homogeneous population and represented a novel lineage in the Alphaproteobacteria. The closest cultivated relative was magnetotactic coccoid strain MC-1 (88% sequence identity). First-order reversal curve diagrams revealed that these cocci had relatively strong magnetic interactions compared to the single-chain magnetotactic bacteria. Low-temperature magnetic measurements showed that the Verwey transition of them was ϳ108 K, confirming magnetite magnetosomes, and the delta ratio ␦ FC /␦ ZFC was >2. Based on the structure, phylogenetic position and magnetic properties, the enriched magnetotactic cocci of Alphaproteobacteria are provisionally named as "Candidatus Magnetococcus yuandaducum."
Magnetotactic bacteria (MTB) can mineralize intracellular nanosized iron oxides or sulfides called magnetosomes, which in most MTB are normally single-domain (SD) magnetite with a narrow range of grain sizes from 30 to 120 nm (3) . The chain configuration of magnetosomes renders MTB able to navigate the oxic-anoxic interface in chemically stratified environments by swimming along the Earth's magnetic field (13) . Diverse MTB, including coccoid, spirillar, rod-shaped bacteria and multicellular magnetotactic prokaryotes with one, two, or more chains of magnetosomes, thrive in a broad range of aquatic environments, which sometimes even are dominant strains of the microbial biomass in sediment (10, 47) . Based on their phylogeny, all currently known MTB can be divided into two taxonomic groups: Proteobacteria and Nitrospira phyla (2) .
When MTB die, the magnetosomes can be preserved in sediment as fossil magnetosomes (or magnetofossils) (6) . Fossil magnetosomes have been found in lacustrine and deep-sea sediments (6, 35, 43, 51) , which are stable carriers of natural remanence and may play substantial contributions to the bulk magnetization of sediments due to their SD sizes (6, 19, 26, 32, 33) . Moreover, since most known MTB are microaerophilic or anaerobic and are concentrated in the oxic-anoxic transition zone, the presence and characteristics of MTB species in vertically stratified sediments can be used as a potential paleoenvironmental proxy (19, 44, 45) . However, how to identify bacterial magnetite or greigite (Fe 3 S 4 ) in sediments is still challenging. Recently, characterizing the magnetic properties of MTB has attracted increasing interests because magnetic techniques are fast and effective in distinguishing bacterial crystals from abiogenic magnetic minerals in sediments (11, 26, 27, 33, 38) .
In spite of their wide distribution and abundance in aquatic environments, most MTB are intractable, and so far only a few of them, e.g., Magnetospirillum gryphiswaldense strain MSR-1 (41), M. magnetotacticum strain AMB-1 (17), M. magnetotacticum strain MS-1 (4), and magnetotactic coccoid strain MC-1 (24) , can be grown in pure culture. Until recently, most insights into the molecular characterizations and magnetic properties of MTB have been based on pure cultures, which have a single magnetosome chain per cell (10, 11, 19, 20, 25, 27, 28, 37, 38, 42, 52) . However, knowledge of uncultivated MTB, especially strains with multiple chains of magnetosomes that are commonly encountered in natural environments, remains limited. In the present study, we investigated a population of uncultivated magnetotactic cocci with multiple magnetosome chains, which were abundant in the pond in Yuan Dynasty Capital City Wall Relics Park (Yuandadu Park) in Beijing, China, in order to characterize their morphological features, phylogenetic positions, and magnetic properties and finally to classify them in a provisional Candidatus taxon.
MATERIALS AND METHODS
Sample and MTB collection. Surface sediments (3 to 5 cm) were collected by a shovel from a pond in Yuandadu Park and were divided into 600-ml plastic bottles covered with ϳ100 ml of pond water in the laboratory. The pH and temperature of sediments were 7.7 and 16.8°C, respectively. The "hanging-drop" method (14) was used to check the existence of MTB in samples. The south pole of a bar magnet was placed on the north side of a bottle near the water-sediment interface to enrich the MTB. After 1 h collection, MTB were removed from the bottle by using a 5-ml Epperndorf pipette and further purified by using a doubleended open magnetic separation apparatus (22) . The purified MTB cells were then washed with sterile distilled water twice and resuspended in 200 l of sterile distilled water (ϳ10 8 cells in total). About 20 l of MTB enrichment was used for transmission electron microscopy (TEM) observation, 20 l was used for phylogenetic analysis, 60 l was used for fluorescence in situ hybridization, and the remaining 100 l was used for magnetic measurements.
TEM observation. About 20 l of MTB enrichment was deposited on Formvar-carbon-coated copper grids and allowed to air dry. Examination was performed with a FEI Tecnai 20 transmission electron microscope with an accelerating voltage of 120 kV. The length and width of magnetosomes were measured by using Adobe Photoshop. The sizes and the shape factor of the magnetosomes were calculated as (length ϩ width)/2 and width/length, respectively.
Amplification of 16S rRNA genes, sequencing, and phylogenetic analysis. The bacterial universal primers 27F (5Ј-AGAGTTTGATCCTGGCTCAG-3Ј) and 1492R (5Ј-GGTTACCTTGTTACGACTT-3Ј) (5) were used to amplify 16S rRNA genes directly from the 20 l of magnetically enriched MTB. PCR amplification and cloning procedures for construction of a 16S rRNA genes clone library were performed as previously reported (22, 23) . Twenty clones were randomly picked up and subjected to sequencing.
Sequences retrieved in the present study were first checked for chimera formation with the CHECK_CHIMERA software of the Ribosomal Database Project II (RDP-II) (8) . These sequences and their close relatives were then aligned using CLUSTAL W software (49) and corrected by manual inspection. A phylogenetic tree was subsequently constructed with MEGA version 4.0 (48) by using the neighbor-joining method. Bootstrap analysis for 100 replicates was performed for the estimation of reproducibility of tree topologies. Sequences acquired in the present study were deposited in the EMBL/GenBank/DDBJ databases under accession numbers FJ667777 and FJ667778.
Fluorescence in situ hybridization. Based on newly retrieved magnetotactic cocci sequences, an oligonucleotide probe, YDC69 (5Ј-CGCCAGCACCTTTC GGCCTGCTGC-3Ј, Escherichia coli 16S rRNA gene positions 69 to 92), was designed. The specificity was evaluated by using the PROBE_MATCH program in the RDP-II (8) . The bacterial universal probe EUB338 (5Ј-GCTGCCTCCC GTAGGAGT-3Ј, positions 338 to 355, E. coli numbering) was used as a control (1) . The probes YDC69 and EUB338 were synthesized and fluorescently labeled with hydrophilic sulfoindocyanine dye Cy3 and fluorescein phosphoramidite FAM at the 5Ј ends, respectively, by Invitrogen.
Clones of E. coli with the inserted 16S rRNA genes of the uncultured Magnetococcus sp. clone 37 (22) was used as negative control. In situ hybridization was performed as described by Pernthaler et al. (34) at 46°C for 3 h in hybridization buffer with 20% (vol/vol) formamide. Then, 1 l of probe (50 ng/l) was mixed with 9 l of hybridization buffer and then used for in situ hybridization. A fluorescence microscope (Olympus BX51) was used to record optical sections.
Magnetic measurements of MTB. The 100-l portion of MTB cells was placed in a nonmagnetic gelatin capsule, air dried overnight, and then used for magnetic measurements immediately. Hysteresis loop and the first-order reversal curve (FORC) analyses of the sample were measured on an alternating gradient force magnetometer (MicroMag 2900; Princeton Measurements Corp.). The hysteresis The coercivity of remanence (B cr ) was acquired by measuring the back-field demagnetization curve by applying static field up to Ϫ300 mT. For FORC analysis, the MTB sample was first saturated in 1 T, and then the field was reversed to a number of negative fields and subsequently returned to the positive saturation. These processes generated a number of curves, which were then transformed into a FORC diagram. This diagram showed coercivity along the horizontal axis and magnetic interaction along the vertical axis (7).
Low-temperature magnetic characteristics were measured by using a quantum design magnetic property measurement system. The sample was first cooled to 5 K in a zero field environment and then saturated by applying a 2.5-T field. After being applied for 60 s, the field was removed, and the thermal demagnetization curve (zero field cooling [ZFC]) was measured from 5 to 300 K. The sample was then cooled from 300 to 5 K in the presence of a 2.5-T field. After the sample was kept at 5 K in a 2.5-T for 60 s, the field was turned off, and the thermal demagnetization curve (field cooling [FC]) was measured from 5 to 300 K. The Verwey transition temperature (T v ) was determined, at which the dM/dT is maximum (52) . The delta ratio ␦ FC /␦ ZFC , which was defined by Moskowitz et al. (27) , was calculated from FC and ZFC data and could reflect the amount of remanence loss as warming through the Verwey transition. A ␦ FC /␦ ZFC larger than 2 is considered to be an indicator of the presence of magnetite magnetosome chains of MTB.
RESULTS AND DISCUSSION
Morphology and magnetosome features. The magnetic enrichment of MTB was coccoid bacteria, size ranging from 1.5 to 2.5 m (Fig. 1a) . These cells contained 31 to 62 truncated hexahedral prisms of magnetosomes (Fig. 1b to d) , which had an averaged length and width of 108 Ϯ 32 nm and 69 Ϯ 9 nm, respectively (n ϭ 733). The size of magnetosome crystals varied from 30 to 115 nm and the averaged shape factor of them was 0.64, indicating stable SD crystals with marked elongation (Fig. 2a and b) . Magnetosomes in these cells were usually arranged in 2 (31.6%), 3 (29.0%) and 4 (13.2%) chains (Fig. 1b  and c) . However, 11 of 42 characterized cells (26.2%) contained clustered magnetosomes adjacent to chains (Fig. 1d) . Moreover, as seen in Fig. 2c , these disorganized magnetosomes were distinctly smaller than their counterparts aligned in chains.
One explanation for the existence of partially disorganized magnetosomes in the cocci is that the disorganized smaller magnetosomes are early-stage nonmature magnetosomes that may gradually form chains as they grow. If this is true, it implies that the mechanism involving in the spatial arrangement of magnetosomes in these bacteria may be different from that proposed for cultivated Magnetospirillum strains AMB-1 and MSR-1, where empty magnetosome vesicles first assembled into a chain structure with the help of particular proteins (e.g., MamK and MamJ), and then the magnetite crystals start to biomineralize in the chain-arranged vesicles (18, 42) . Alternatively, we cannot exclude the possibility that the empty magnetosome vesicles are aligned into multiple chains, whereas the formation of magnetosomes occurs randomly, therefore the small crystals are not apparently aligned. A third possibility is that the Yuandadu cells with distinctly different magnetosome arrangements are from different sediment depths and hence reflect different environmental conditions (e.g., the concentration of O 2 ), since these magnetotactic cocci are magnetically enriched from bulk sediments that would not conserve the stratified structure of the original habitat (9). Fourth, many transposase genes are located within the magnetosome island in cultivated Magnetospirillum strain MSR-1 (15, 50) , which frequently results in spontaneous rearrangements or deletions of magnetosome genes and causes the bacteria to mutate during cultivation in the laboratory (10) . Similarly, we assume that magnetotactic cocci with disorganized chains may undergo mutation in the environment. The last possibility is perhaps due to the preparation of the sample for TEM observation; the fact that the cells were air dried that may have caused considerably shrinking and disorganized partial chains.
Phylogenetic analysis and in situ hybridization. Nearly complete 16S rRNA genes of magnetically enriched MTB were amplified and cloned. Twenty clones were randomly chosen for partial sequencing (Ͼ800 bp, covering the four variable regions V1 to V4). All of them showed high similarity (Ͼ99%), and two clones were subsequently fully bidirectionally sequenced (YDC-1a and YDC-1b). The similarity between them was 99.7%. These sequences were compared to the NCBI nucleotide database by using the BLAST algorithm; they were found to affiliate with the Alphaproteobacteria and had a maximum identity of 91.1% with uncultured Magnetococcus sp. clone 37 (22) (Fig. 3) . The closest cultivated relative was marine magnetotactic coccoid strain MC-1, although the sequence similar- ity was rather low (88%) (24) . To confirm that the sequences obtained here originated truly from the enriched cocci, a specific oligonucleotide probe, YDC69, was designed to be complementary to the retrieved sequences and applied to in situ hybridization of enriched MTB cells. Comparative sequence analysis using the PROBE_MATCH function in RDP-II showed that the probe YDC69 had at least two mismatches with all other 16S rRNA genes. Fluorescence microscopy revealed a strong signal for all collected cocci after hybridization with the bacterial universal probe EUB338 and the specific probe YDC69 (Fig. 4a, b , and c), whereas clones of E. coli with insertions of 16S rRNA genes of the uncultured Magnetococcus sp. clone 37 could not be hybridized by the specific probe YDC69 (Fig. 4d, e, and f) . These results suggested that the enriched magnetotactic cocci were a homogeneous population since they could be specifically hybridized with the probe YDC69.
In spite of a homogeneous taxonomic population, we note that the number of magnetosome chains in cells changed from two to four. This indicates that no strict correlation exists between magnetosome arrangements and phylogenetic positions of magnetotactic cocci (9, 46) . In other words, the number of magnetosome chains is not suitable as a phenotypic criterion for distinguishing the taxonomy of MTB. Freshwater sediments often harbor diverse groups of MTB, including cocci, spirilla, rods, and vibrios (12, 22, 46) . However, only one homogeneous taxonomic population was found in the fresh sediment of Yuandadu Park. It was previously suggested that the competitive interactions within bacteria might shape a dominant diversity pattern observed in particular locations (53) . Therefore, the magnetotactic cocci observed here may outperform other kinds of MTB through competition in the pond. On the other hand, several environmental factors, such as habitat type and habitat heterogeneity, can play roles in selecting the specific population of bacteria (16) In panels a to c, the same microscopic field is shown after staining with DAPI (a), after hybridization with 5Ј-FAM-labeled bacterial universal probe EUB338 (b), and after hybridization with 5Ј-Cy3-labeled probe YDC69 specific for magnetotactic cocci (c). In panels d to f, the same microscopic field is shown in after staining with DAPI (d), after hybridization with 5Ј-FAM-labeled bacterial universal probe EUB338 (e), and after hybridization with 5Ј-Cy3-labeled probe YDC69 (f).
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CHARACTERIZATION OF UNCULTIVATED MAGNETOTACTIC COCCI 4049 inant in the low tide zone of the East China Sea near Qingdao due to the specific habitat selection. This may be true for our sample as well. The sediments in the Yuandadu pond are from time to time exposed to air because of pumping and irrigation (two to three times per year). Another possibility is that, due to the intrinsic limitations of magnetic collection procedure (23) , other kinds of MTB, which exist in the sediment, may be missed during the magnetic enrichment process. 
Magnetic characteristics.
A room temperature hysteresis loop of the cocci was a pot-bellied shape and closed at a field of ϳ150 mT (Fig. 5a) . The values of the coercivity (B c ) and the coercivity of remanence (B cr ) were 41 and 50.2 mT, respectively. They have a remanence ratio M rs /M s of 0.49 and a coercity ratio B cr /B c of 1.22. The FORC diagram spread and closed along the H c ϭ 0 axis, with a relative narrow distribution along the H u axis (Fig. 5b ). The characteristic interaction field H b1/2 , as defined by the value of the interaction field at half maximum of FORC distribution (39) , is 5.3 mT. Clearly, both the hysteresis loop and the FORC diagram of the magnetotactic cocci indicate that their magnetosomes are stable SD particles, which is consistent with crystal sizes observed by TEM (Fig. 2a) (33, 36, 40) .
The FORC diagram is able to reflect the chain-chain interactions, the intrachain interactions (particle-particle interaction within a chain), and cell-cell interactions (7, 33) . The vertical spread of FORC contours (H b1/2 ϭ 5.3 mT) in the present study is comparable to that of multiple-chain MTB reported previously (H b1/2 ϭ 6.3 mT) (33) but more prominent than that of single-chain AMB-1 (H b1/2 ϭ 2.4 mT) (21) . This indicates that the magnetotactic cocci with multiple chains and partially disorganized magnetosomes have stronger magnetic interactions within cells than the MTB with only single chains. One thing that should be noted is that the B c (41 mT) and B cr (50.2 mT) for the coccus samples are much higher than the corresponding values reported for other MTB samples (11, 21, 25, 27, 33, 37, 38) . Although the multiple-chain structures and disorganized magnetosomes may increase magnetic interaction and tend to reduce coercivity, we attribute the higher coercivity values to the elongated magnetosome crystals (the average shape factor is 0.64) in the cocci. The advantage of high coercivity is apparent since it can stabilize the net magnetic dipole moment of magnetosome chains and thus benefit the orientation of these north-seeking cocci.
The FC and ZFC curves of coccoid cells were shown in Fig.  5c . Saturation isothermal remanent magnetization on both FC and ZFC curves significantly decreased by ϳ108 K during the Verwey transition of magnetite. The transition temperature is similar to observed T v for other MTB strains with magnetite magnetsosomes (86 to 117 K). The observed lower T v for the magnetosome magnetite compared to that of the stoichiometric magnetite (120 to 125 K) (37, 38) has been interpreted as nonstoichiometry of bacterial magnetite (26, 33) .
Moskowitz et al. (27) first proposed that a ␦ FC /␦ ZFC ratio greater than 2 can be a detection criterion for bacterial magnetite based on cultivated MTB strains MV-1 and MV-2 and M. magnetotacticum strain MS-1. The validity of the Moskowitz test has been further proved by other cultivated and uncultivated MTB (26, 33, 37, 52) . Recently, Li et al. (21) found that M. magnetotacticum strain AMB-1, which produces three to five segmental chains (subchains) of magnetosome, passed the test as well. We observed that the ␦ FC /␦ ZFC of cocci with multiple chains and partially disorganized magnetosomes is also greater than 2 (2.03). Therefore, we propose that the Moskowitz test, along with other rock magnetic parameters, is a powerful and fast tool for the detection of magnetite magnetosomes from environmental samples.
Description of "Candidatus Magnetococcus yuandaducum." Based on the recommendations of Murray and Schleifer (29) and Murray and Stackebrandt (30) , the sequence-based potential new microorganisms could be recorded by a "Candidatus" designation. The magnetotactic cocci enriched in the present study are designated "Candidatus Magnetococcus yuandaducum." The bacteria are magnetically collected from freshwater pond sediment. The cells are coccoid, with an average diameter between 1.5 to 2.5 m. They contain 31 to 62 truncated hexahedral prisms of magnetite magnetosomes (shape factor, 0.64), which are arranged into two to four chains per cell that sometimes appear partially disorganized. The cells are northseeking MTB with a motility speed of ϳ112 m/s under 4 Oe magnetic fields (data not shown). The coercivity, the vertical spread of FORC contours (H b1/2 ), the Verwey transition temperature, and the corresponding delta ratio are 41 mT, 5.3 mT, 108 K, and 2.03, respectively. The bacteria belong to a new genus within the Alphaproteobacteria. The assignment is based on the 16S rRNA gene sequence, on GenBank accession numbers FJ667777 and FJ667778, and on the 16S rRNA-targeted oligonucleotide probe YDC69 (5Ј-CGCCAGCACCTTTCGG CCTGCTGC-3Ј). The organism has yet to be cultivated.
